Receptor-dependent uptake mechanisms for low-density lipoprotein (LDL) were studied in rabbit liver parenchymal and non-parenchymal cells. Hybridization studies with a cDNA probe revealed that mRNA for the apo (apolipoprotein) B,E receptor was present in endothelial and Kupffer cells as well as in parenchymal cells. By ligand-blotting experiments we showed that apo B,E-receptor protein was present in both parenchymal and non-parenchymal cells. Studies of binding of homologous LDL in cultured rabbit parenchymal cells suggested that about 63 % of the specific LDL binding was mediated via the apo B,E receptor. Approx. 47 % of the specific LDL binding was dependent on Ca2", suggesting that specific Ca2`-dependent as well as Ca2"-independent LDL-binding sites exist in liver parenchymal cells. Methylated LDL bound to the parenchymal cells in a saturable manner. Taken together, our results showed that apo B,E receptors are present in rabbit liver endothelial and Kupffer cells as well as in the parenchymal cells, and that an additional saturable binding activity for LDL may exist on rabbit liver parenchymal cells. This binding activity was not inhibited by EGTA or reductive methylation of lysine residues in apo B. LDL degradation in parenchymal cells was mainly mediated via the apo B,E receptor.
INTRODUCTION
Despite the important role of the liver in LDL metabolism, the mechanism of hepatic LDL uptake is not fully understood. The uptake mechanism(s) of LDL in the liver is most probably more complex than the apo B,Ereceptor-mediated endocytosis in human skin fibroblasts.
The LDL receptor (apo B,E receptor) has been described in hepatic membranes and liver parenchymal cells in various mammalian species, including man [1] [2] [3] [4] [5] [6] . However, some studies suggest that hepatocytes may have two classes of specific binding sites for LDL, one Ca2l-dependent and one Ca2"-independent [1, [7] [8] [9] [10] [11] [12] .
Furthermore, receptor-independent removal mechanisms have been described [13] [14] [15] .
The present studies were undertaken to investigate receptor-dependent uptake mechanisms of LDL in rabbit liver cells. First 
Lipoproteins
Rabbit and human LDL were isolated, and rabbit LDL was labelled with '251-tyramine-cellobiose or 311-tyramine-cellobiose and reductively methylated exactly as described previously [16] . The specific radioactivity of '25I-labelled LDL was 840 + 470 c.p.m./ng of protein (mean+S.D.; n = 9). The specific radioactivities of 125J-labelled and I3'l-labelled MetLDL were 275-352 c.p.mn./ ated LDL in control-fed rabbits, and of labelled native and methylated LDL in cholesterol-fed rabbits, were similar, confirming that our preparations of reductively methylated LDL were not taken up via the apo B,E receptor [16] . Preparation of liver membranes and cells Rabbit liver cells were prepared by collagenase perfusion of the liver, as described previously [16] .
(i) Liver membrane samples. At the end of the preperfusion, a lobe was tied off and removed, and immediately placed in ice-cold homogenizing buffer [20 mM-Tris/HCl (pH 8.0), 1 mM-CaCl2, 0.15 mM-NaCl, 1 mM-phenylmethanesulphonyl fluoride, 20% (w/v) aprotinin]. Membranes were prepared essentially as described by Schneider et al. [17] . Non-parenchymal cells were washed twice in 50 mM-Tris/maleate (pH 6.0), containing 2 mM-CaCl2, 1 mM-phenylmethanesulphonyl fluoride and 20 aprotinin. Membrane pellets and nonparenchymal-cell pellets were stored frozen in liquid N2.
(ii) Parenchymal, endothelial and Kupffer cells. After collagenase perfusion, parenchymal and nonparenchymal cells were separated by centrifugal elutriation in a Beckman JE-6 rotor, at 1200 rev./min at a flow rate of 25-55 ml/min, and at 1500 rev./min at a flow rate of 20 ml/min, respectively. Endothelial and Kupffer cells were then separated at 2500 rev./min at a flow rate of 20 ml/min and 28-55 ml/min, respectively. Light-microscopy revealed that non-parenchymal cells were prepared free of contaminating parenchymal cells.
(iii) Parenchymal-cell cultures. Isolated parenchymal cells were plated in 60 mm-diam. tissue-culture dishes (Costar) at 2 x 106 cells per dish in 2.5 ml of Dulbecco's modified Eagle's medium [18] . RNA analysis RNA was isolated from purified cells by a LiCl/urea procedure [19] . A second LiCl precipitation was done to remove DNA completely. Then 2,tg of total RNA from each sample was separated by size on 1 00-agarose/ formaldehyde gels and blotted on to nylon membranes [20] . Dot-blots were made by diluting 1 [20] oligonucleotide (19 bases) specific for 28S rRNA and by using labelled poly(T) as probe for polyadenylated RNA (mRNA).
Protein blotting
Total liver membrane fractions and pellets from nonparenchymal cells were solubilized as described by Soutar et al. [6] . Solubilized proteins (100-300,tg) were subjected to electrophoresis in 7.5 0-polyacrylamide gels containing 0.1 00 SDS, under non-reducing conditions. Proteins were transferred on to nitrocellulose paper in a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad) at 50 V for 18 h. As Mr standards we used the following biotinylated proteins: myosin, 205000; ,u-galactosidase, 116000; phosphorylase b, 97400; albumin (bovine), 66000; albumin (egg), 45000; carbonic anhydrase, 29000. Ligand blottings were carried out essentially as described by Daniel et al. [23] . Briefly, electroblots were incubated for 1 h at 37°C in Buffer A (50 mM-Tris/HCl, 2 mM-CaCl2, 0.09 M-NaCl, pH 8.0) containing 5 o (w/v) bovine serum albumin, followed by incubation for 1 h at 37°C in Buffer A containing 1 00 albumin and the indicated amount of LDL. In some incubations 10 mM-EGTA was included. Electroblots were then incubated for 1 h in the presence of sheep anti-(human apo B), followed by biotinylated second antibody. In some incubations, the antiserum had been preincubated for 30 min at 37°C with LDL (0.4 mg/ml). LDL-binding proteins were detected by incubation with streptavidinbiotinylated peroxidase complex and with 4-chloro-1-naphthol as substrate.
LDL binding, uptake and degradation
The cultured parenchymal cells were incubated with 1251-TC-LDL, 1251I-TC-MetLDL or 131I-TC-MetLDL in the presence or absence of unlabelled LDL, in medium supplemented with 2.5 00 (v/v) lipoprotein-deficient serum instead of newborn-calf serum. After incubation at 4°C or 37°C for the indicated time periods, dishes were placed on ice, and the cells were washed, scraped off the plates and then frozen.
Chemical assays
Degradation of labelled LDL was assayed by measuring radioactivity soluble in 100 (w/v) trichloroacetic acid. Protein concentration was determined as described by Lowry et al. [24] , with bovine serum albumin as standard. The modified method of Bensadoun & Weinstein [25] was used in solubilized membrane fractions. SDS/polyacrylamide-gradient-gel electrophoresis (5-20 0%) of lipoprotein preparations was performed as described by Laemmli [26] . The gels were stained and apoprotein bands identified as described previously [27] . Biotinylation of Mr standards and LDL was performed as described by Roach & Noel [28] . Biotinylation of Mr standards produces no detectable change in their migration rates [29] .
Statistics
Results reported are means+ I S.D. The MannWhitney two-sample test was used for calculation of statistical significance of differences between groups.
1989 RESULTS Expression of apo B,E-receptor mRNA RNA was isolated from different rabbit liver cell types, and the RNA blot hybridized to a cloned apo B,Ereceptor cDNA probe (Fig. 1) . The experiment shows that mRNA for the apo B,E receptor is present in parenchymal, endothelial and Kupffer cells. Fig. l(b) shows the same filter as in Fig. 1(a) , hybridized also to a probe for rRNA, reflecting the amount of total RNA in each lane. Table 1 shows the results of quantitative dotblots, where the problem of smearing from degradation is avoided. The signal intensities from apo B,E-receptor mRNAs can be normalized in several ways. Table 1 shows normalization both relative to the amount of rRNA (i.e. reflecting the total amount of RNA) and relative to the amount of poly(A) (i.e. proportional to the amount of mRNA). The amounts of apo B,E-receptorspecific mRNA were significantly lower in endothelial and Kupffer cells than in parenchymal cells when related to total RNA (P < 0.02), whereas those of apo B,Ereceptor mRNA were similar in all three cell types when related to total mRNA. On a per-cell basis, the value was much higher in the parenchymal cells. Identification of LDL-binding protein(s) by ligand blotting Solubilized proteins from total liver membranes and non-parenchymal-cell pellets were subjected to SDS/polyacrylamide-gel electrophoresis under nonreducing conditions, and proteins were transferred electrophoretically to nitrocellulose paper. The ligandbinding pattern showed that an LDL-binding protein with apparent Mr of 120000 was present in nonparenchymal cells and in the total liver membrane fraction, in which parenchymal cells comprise more than 900 of the cell protein (Fig. 2) . Binding of LDL to this protein was decreased in the presence of 10 mM-EGTA. 30 min (Fig. 3a) . The relationship between the concentration of LDL and its binding to the cells at 4°C is shown in Fig. 3(b) . Specific binding was determined as the difference between the binding of labelled LDL in the absence or the presence of excess amounts of unlabelled LDL (1 mg/ml). At a LDL concentration of 5 jig/ml, the non-specific binding was 59 + 130% (n = 14). Specific binding exhibited saturation at 10 ,tg/ml (Fig. 3b) .
To distinguish between apo B,E-receptor-dependent and -independent binding of LDL, the lysine residues of apo B in LDL were reductively methylated, thereby blocking the ability to bind to the apo B,E receptor [30] . The lysine-dependent binding was assumed to be the difference between the specific binding of LDL and that of methylated LDL. In this way it was determined that 63 of the specific LDL binding was lysine-dependent, i.e. apo B,E-receptor-dependent in rabbit liver parenchymal cells (Fig. 4a) [31] , the effect of a 3-hydroxy-3-methylglutarylCoA reductase inhibitor [33] was investigated. The cells were cultured in medium containing lipoprotein-deficient serum in the absence or presence of mevinolin. Specific binding of LDL was doubled in cells incubated overnight in the presence of mevinolin (Fig. 4a) . This effect is probably due to increased number of LDL receptors as a response to depletion of intracellular poo1s of cholesterol.
DISCUSSION
In the present study we show that mRNA for the apo B,E receptor is present in rabbit liver parenchymal cells. This is in accordance with data obtained on whole liver by Goldstein, Brown and co-workers [32] . Our results show in addition that mRNA for the apo B,E receptor is present in liver endothelial and Kupffer cells. The abundance of apo B,E-receptor mRNA is similar in all the three cell types when related to the amount of total mRNA. (7), and Ca2+-independent binding after 17a-ethinyloestradiol treatment (8) . Bar binding activity, displaying Ca2l-independent binding and being independent of intact lysine residues in apo B. A Ca2l-independent binding site has been reported previously to exist on liver membranes of homozygous Watanabe he-ritable-hyperlipidaemic rabbits, rabbits fed on a wheat-starch/casein diet and fasted rabbits [7] [8] [9] [10] , as well as on liver membranes of familial-hypercholesterolaemic subjects [1] . Uptake of reductively methylated LDL via a saturable process that does not involve the apo B,E receptor has been described previously for human monocyte-derived macrophages [34] .
In those cells, methylated LDL down-regulated apo B,E receptor activity and 3-hydroxy-3-methylglutarylCoA reductase activity, and stimulated acylCoA: cholesterol, acyltransferase activity. One could speculate that the apo B,E-receptor independent mechanism was due to fluid-phase endocytosis. However, data on fluid-phase endocytosis of 125I-labelled poly-(vinylpyrrolidone) in rabbit liver parenchymal cells showed that about 0.07 #1 is removed/h per 106 cells [35] .
It could be calculated that the apo B,E-receptor-independent removal of LDL occurred at rates that were at least 10 times that mediated by fluid-phase endocytosis. Thus the apo B,E-receptor-independent internalization could not be due only to such processes, which would also be inconsistent with the saturable binding pattern. and familial-hypercholesterolaemic subjects [6, 36] . It is tempting to believe that this high-Mr binding protein could be the new lipoprotein receptor described above, which could be responsible for the apo B,E-receptorindependent removal of LDL in the cultured parenchymal cells in the present study.
Alternatively, apo B,E-receptor-independent binding in liver parenchymal cells may be mediated via binding to glycosaminoglycans on the cell surface, since heparinbinding sites exist on apo B-100 [42] . Reductive methylation of LDL, which preserves the positive charge of lysine residues, does not significantly prevent binding to heparin [43] . However, it is unlikely that methylated LDL bound to proteoglycans on the cell surface should be internalized and degraded. Consistent with this, our results showed that 84 of the degradation that occurred in the parenchymal cells was lysine-dependent, suggesting that LDL degradation is mainly mediated by the apo B,E receptor. These findings are consistent with previous 
